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tachyon and massless sector contribution to the superstring field theory action of 
Berkovits is evaluated. In this way we have included the Ramond sector and we end 
by discussing some features of the action. 
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1. Introduction 

It has been considered that the more complete framework to study the dynamics of 
the unstable non-BPS D-branes must be based on open superstring field theory 
This theory must include both Gliozzi-Scherk-Olive (GSO) sectors of the superstring 
that means the standard positive GSO(+) and the negative GSO(-) projected sec- 
tor. The process of annihilation of these unstable non-BPS D-branes was studied 
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using superstring field theory action involving only the Neveu-Schwarz (NS) sector, 
without the Ramond (R) sector. However, it is still not clear what is the role of 
the spacetime super symmetry during this process. For this reason, it is very inter- 
esting to explore some aspects of this process from the point of view of spacetime 
supersymmetry, as in 0. Since the spacetime supersymmetry always involves the 
contribution of both the NS and R sectors of the superstring we need to extend the 
framework to keep track of the Ramond sector. 

There is a formulation of the superstring in terms of hybrid variables which is 
suitable to explore the issues of space-time supersymmetry. Specifically, we will use 
the four-dimensional version of this formalism to study both GSO sectors and both 
R and NS sectors of the superstring that means we consider: NS+, NS—, R+ and 
R— sectors. 

The standard GSO(+) sector has spacetime supersymmetry and it is identified 
with the periodic sector of the 9, 9 world sheet variables. In this sector all vertex 
operators are N=l D=4 superfields due to the fact that the spacetime supersymmetry 
current has zero modes. A detailed discussion of this sector was given in references 
[||] of Berkovits. 

On the other hand, the GSO(-) sector is not spacetime supersymmetric and it 
is identified with the antiperiodic sector of the 9, 9 world sheet variables . In this 
sector the vertex operators are ordinary fields and the spacetime supersymmetry is 
broken since the supercurrents have half integer modes. 

Using these ideas in order to understand both GSO sectors, we proceed as follows: 

In section 2 we review the hybrid approach for superstring and explain its relation 
with the RNS approach. We use the mapping between the two sets of variables to 
show the vertex operators for tachyon and massless sector in both formalisms. The 
conditions for physical vertices are also discussed. 

In section 3, as a consistency check, we construct the physical GSO(-) vertices 
that correspond to the tachyon and the massless fermions using the hybrid variables. 
All these vertices contain spin fields to change to antiperiodic boundary conditions 
for the 9 a , 9 a variables. 

In section 4 we review the open superstring field theory action which describes 
non-BPS D-branes using the hybrid variables. This action requires three independent 
superstring fields represented by \I/ and ^ which are appropriately tensorized, so 
as to take into account the two GSO projections. 

In section 5, we explicitly compute the classical superstring field theory action 
including the contribution of the tachyon, the massless fermions, and massless gauge 
bosons. 

The full action, written using explicit 10-dimensional Lorentz invariant fields is 
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1. 



S = Tr J d 10 x -F^F^ + TUT + -T 2 + [T, A"] [T, A„\ - T 4 

+X a + l" ab (d,X b + + [A„ X b+ ])+ X a ~r ab (d,X b - + [A„ X b 1) 
+3^T( X « + X -) + -..] (1.1) 

where F mn is the field-strength for the gauge-field A m , T is the tachyon field, xti 
Xa are the massless fermions coming from the GSO(+) and GSO(-) sector that are 
10-dimensional chiral and antichiral respectively. 

At the end we comment on some of the features of this action. 

2. Hybrid Superstring with both GSO(+) and GSO(-) sectors 

In this section we review the relation between RNS and hybrid variables. Using the 
map between them we show the vertex operators in both formalisms and we discuss 
the conditions for physical vertex operators. 

2.1 RNS Variables 

First we represent the RNS Matter and ghost variables in the large Hilbert space: 

[ x m , 1> m , 6, c, g, V , , ^V0^], 

D — 4 space-time matter + ghosts CY 

the first set of describes the RNS D = 4 spacetime matter plus the ghost worldsheet 
fields and the second set describes the other six dimensional internal worldsheet 
fields. These last internal fields may be compactified in a Calabi-Yau or not, but in 
the present case we just complexify them as explained later on in this same paragraph. 
Specifically we have: x m : (m = 0,1,2,3), are the D = 4 spacetime vector RNS 
world sheet bosonic coordinates; x ±: > = -^{x 2 ^ 2 ±ix 2 i +3 ), (j = 1,2,3). are the 
internal d=6 RNS world sheet bosonic coordinates; ip m , (m = 0,1,2,3), are the 
D = 4 spacetime vector RNS world sheet fermionic coordinates; t[) ±j = -^(^ 2j+2 ± 
^2j+3^ _ i ; 2,3) are the internal d=6 RNS world sheet fermionic coordinates. 
See appendix A about the properties of these RNS variables. 

In order to construct space time fermion vertex operator, we need to define the 
D = 4 spacetime RNS spin fields S Q and S° by 

E a = S ±± {even +), 
E d = S ±d= ; (odd+). 



1 Actually, the term with 4 gauge fields in F mn F mn has never been calculated and most likely is 
not going to give the correct coefficient without going to an effective action. Anyway, we don't use 
this result anywhere in this work. 
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and the U(l) internal chiral boson H by 

J = dH = i (ip^ 5 + + V'V) =: ^ +j ip' j :, 
H(z)H(w) = 3\n(z-w). 

As is well known, the RNS approach of superstring has the problem that the off-shell 
space-time supersymmetry is not manifest due to the problem of picture |4j]. This 
problem makes it difficult to set up a second quantized approach of superstrings 
which is gauge invariant and free of contact term divergences at the tree level at 
the same time. However, as we will discuss in the next subsection, there is a more 
convenient formulation of the superstring. This alternative formulation is the so 
called hybrid approach, and preserves off-shell supersymmetry. 

2.2 Hybrid Variables 

In the hybrid approach of the superstring the fundamental variables are the following 
world sheet fields: 

[ x m , e a , r, Pa , p & , P , r +j ,r- j , x +j , x~ j ] 

here X m is the D = 4 spacetime vector world sheet boson, m = 0, 1, 2, 3; 

8 a is the D = 4 spacetime chiral spinor worldsheet fermion, a = 1,2; 

9 a is the space-time anti-chiral spinor world sheet fermion, at = 1, 2; 

p is the world sheet chiral boson; 

r ^ are internal world sheet fermions, j = 1, 2, 3; 

X i are internal world sheet bosons, j = 1, 2, 3. 

The hybrid variables are defined in such a way that we have two independent 
set of worldsheet fields. The first set satisfy a JV = 2, c = —3 superconformal 
algebra and describes the N = 1, D = 4 super spacetime and the second set satisfy 
a. N = 2, c = 9 superconformal algebra and describes the internal coordinates. Even 
though any CY compactification is allowed for this last set of fields, we are going to 
consider only the complexification of them in flat space. 

In the Appendix B, all the properties of the hybrid variables are given. And we 
should remember that the mapping between RNS and hybrid variables is a unitary 
transformation as in reference 0] 

The non-vanishing OPEs for the hybrid variables are: 

X m {z)X n {w) = -ri mn ln(z-w), 
z — w 

p(z)p(w) = — \n(z — w), 
X +i {z)X- j {w) = -5 ij \n(z-w). 
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The hybrid superstring is described by the following quadratic world sheet action 



Shyb — I d z 



-dX m dX m + Pa d6 a + pad§ & + p a d6 a + p & 8§ £ 
2 



+ s + s c 



where S p , S c are the actions for the chiral p boson and the compact variables respec- 
tively. 

This world sheet action has a N = 2 superconformal algebra formed with the 
generators L, G + , G~ , J g h- It turns out that is convenient to extend this supercon- 
formal algebra to form an N = 4 superconformal algebra formed by the following 
generators: J with conformal weight 0; G + , G + , J g h with conformal weight 1 and 
L, G~ , G~ , J ++ with conformal weight 2 (here the upper indices + and — indicate 
the U(l) ghost charge generated by J g h)' 

L = A dX m dX m - pj a - pj" - dpdp - ^d 2 p + L c , 
G + = e p {d) 2 + T~ j dX +J , 
Go 

Q+ = € jkl T -j T -k T -l e -2p,^2 + e - Pf jkl T -j T -k dX -l 
S w ' ' + ' 

GT = e~ p {d) 2 + T +] dX~{ 1 (2.2) 

Go °l 
Q- = e jkl T +j T +k T+ l e +2p^2 + e p e jkl T +j T +k dX +^ 

v ' s *: ' 

G-, G 2 

j gh = d P + r- j r +j , 



Igh 

j++ = e -p-r-ir+J 
j— =eP+ r-ir+i 



where L c is the stress tensor for the internal variables V i , X J and 

d a (z) = Pa (z) + % -e«aZdX m {z) - ](6) 2 d6 a (z) + \e a d{6f{z) (2.3) 
Z 4 o 

is the current associated to the N — 1, D — 4 supersymmetric covariant derivative 
D a . 

In the equations ( |2.2| ) we have introduced a notation suitable for writing the 
superstring field theory action we are going to deal with in section 4, labelling each 
term in the operators G and G by a subscript denoting its C-charge, defined by 

C = IJ r +i r- J . (2.4) 

This charge is related to the ghost number and p-charge, as it is obvious from the 
expression of J g h in eq.Q2.2p. A detailed account of the construction of the superstring 
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action and the role of the C-charge in this construction may be found in reference 
I- 

As we will discuss in detail on the next section about vertex operators, there are 
two sectors in the hybrid approach of open superstring: 

The sector with periodic boundary conditions in the fermionic variables (6, p, 9, p) is 
identified with the GSO(+) sector of the open superstring. This sector has manifest 
N = 1, D = 4 spacetime supersymmetry and was studied in a series of papers 
by Berkovits [[|. It is remarkable that this approach contains the four dimensional 
contribution of both the NS(+) and R(+) sub-sectors through vertex operators that 
are explicitly contained in N = 1, D = 4 spacetime superfields. This fact is an 
important advantage compared with the RNS approach where this is not possible. 

The other sector is defined by anti-periodic boundary conditions in all the fermionic 
variables (6, p, 9, p) is identified here with the GSO(-) sector of the open super- 
string. Since there is no fermionic zero modes in this sector the N = 1, D = 4 
spacetime supersymmetry is completely broken. Furthermore, as we will show in 
detail, this sector contain the four-dimensional contribution of both the NS(-) and 
R(-) sub-sectors. 

2.2.1 Hybrid Spin Field Operator 

In order to construct the anti-periodic sector of the fermionic hybrid variables 9, 9, p, p 
we need a spin field operator. Firstly, we have to bosonize these variables as follow: 

9 1 = e ffl , 9 2 = e a \ 9 x = e°\ 9 2 = e° 2 1 
Pi = e _<J1 , p 2 = e~ CT2 , pi = e~ CT1 , p 2 = e' a ' 2 , 

where the chiral bosons a%, a 2 , o 2 , (J\ satisfy the OPEs: 

ax{z)(Jx{w) = \n(z - w), a 2 (z)a 2 (w) = ln(z - w), 
ai(z)ai(w) = ln(z — w), <J 2 (z)a 2 (w) = hi(z — w). 

In general, all vertex operators of the GSO(-) sector must contain the following 
general hybrid spin field 

^A 1 A 2 B 1 B 2 _ e A 1 a 1 +A 2 (72+B 1 a 1 +B2&2 

where A±, A 2 , Bi, B 2 are all half integer numbers and the conformal weight is 

W[A AMB *] = \[A l {A 1 - 1) + A 2 (A 2 - 1) + B 1 (B 1 - 1) + B 2 (B 2 - 1)]. (2.5) 

We will use as shorthand index notation 

(+ = |), (- = -|), (© = |), O = -|), (EH = |), (B = -|). This 
construction is in some sense analogous to the construction of the Ramond vacuum 
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in the RNS superstring theory [|]]. Here we define |A) as the vacuum state for the 
anti-periodic variables p8, p8 

|A) = A ++++ |0) =: e ^ ai+1 ^ 2+ ^ 1+ ^ 2 \0) : |0). (2.6) 



This | A) vacuum is non degenerate and it is annihilated by all fermionic oscillators 
with positive modes. #"|A) = p"|A) = 0, r = |, |, |, • • ■ etc. 

2.3 Hybrid Variables vs RNS Variables Mapping 

The hybrid variables are related with the standard RNS variables by the following 
field redefinition [j3|: 





= e R+1 i u (x m )e~ R ^ U , 


6° 


4> H 


e a 


= c£e-^E d e£, 


Pa 




Pa 


— e R +\ u \br]e^ L Y la e~%)e~ 


dp 


= 3d(f) -cb- 2£ti - OH, 


X +j 


= e R+ ^{x +j )e- R -^ u , 


x~ j 


= e R+ ^ v {x- j )e- R -^ u , 




= e R+1 * v X£e-+il> +j )e- R -* 1 




= e*** u (r t e*1>->)e- R -* u . 



(2.7) 



where 



R = J dz c£e-^iip- j dx +j , 

U = J dz[ a? e-*iip m dx m + ^(<90 + dH)cdc£d£e~ 2 ' t ']). 

This mapping ensures that Eq.(2) are the complete set of non- vanishing OPEs 
of the hybrid variables. 

2.4 Conditions for Physical Vertex Operator 

String fields are vertex operators acting on the Hilbert space of the string. In this sec- 
tion we are going to show the properties of these operators, stressing what conditions 
they have to satisfy to be physical. 

As usual in string theory, we have several different ways of stating these physical 
conditions. Even though they are seemingly different, they are all equivalent. We 
are going to present three different possibilities. In a later section, the second and 
third set of conditions will be used and shown to yield the same result coming from 
the RNS conditions. We also argue on the equivalence of the different approaches. 
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Vertex Operators in RNS formalism 

A physical RNS vertex V has the following features: 

• V is in the cohomology of the BRST operator Q, that is: 

{Q,V} = 0, V^QA. 

Note that V and A are fields in the small Hilbert space (which does not contain 
£ zero modes). 

• Each vertex V comes from a definite GSO sector, either GSO(+) or GSO(— ). 
The former being NS+ (fermionic) and R+ (bosonic), the latter being NS— 
(bosonic) and R— (fermionic). 

• The vertex V must have ghost number +1. 

• V must have a definite picture. Usually the picture is chosen to be —1 for the 
NS+ sector and — \ for the R+ sector. 

In the hybrid formalism we have two setups to consider in order to understand 
physical states, one coming from the N = 2 superalgebra and the other from the 
N = 4 superalgebra. 

The conditions for the N = 4 superalgebra are easier to understand since the 
conditions may be translated directly from the RNS formalism. 

N = 4 Physical Vertex Operators 

In order to understand the equivalence between these conditions and the RNS 
conditions, remember that the operators G + and G + are the BRST-current and the r\ 
ghost respectively. So, we may directly translate the conditions for the vertices to be 
in the small Hilbert space and the BRST conditions as the set of equations G + V = 0, 
G + V = 0. Solving the first equation (due to the triviality of the cohomology of rf) 
we have V = G + §, where $ = £V. G + constraint yields the correct conditions. 
The only subtlety is the gauge invariance, which can be understood in the same 
way. The conditions on statistics are reversed due to the presence of the £ fields 
in the vertices. Finally, picture is related to the choice of p-charge by the relation 
P — 2~ J dz{idp — \p a Q a + \pcfi a )- We refer the reader to the reference for a 
discussion of this choice and the need for three different values for the picture number 
P and rho charge p. So, the condition for N = 4 physical vertices are: 

• We should consider vertices in the large Hilbert space, $ = £V. For these kind 
of vertices the BRST condition of the RNS translates to: 

G+G + $ = 0, $^G + A + G + A. 

These are also the linearized equations of motion coming from the superstring 
field theory action. 
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• Again the vertices come from one of the two GSO sectors, but their statistics 
are now reversed with respect to the RNS. 

• Ghost charge is the U(l) charge of the N = 4 formalism, and we should demand 
all the vertices to have zero ghost charge. 

• Choosing a picture in a RNS formalism is the responsible for the lack of manifest 
super symmetry. In the hybrid variables we may choose the values of the p 
charge instead. We choose p charge zero for the four-dimensional fields and p- 
charge ±1 for the internal 6-dimensional fields. Another equivalent possibility 
is to choose the value of the C-charge (defined in eq. Q2.4Q to have one of three 
values in the set { — 1/3, 0, 1/3}. 

One should note that both set of conditions above allow us to gauge transform 
the vertex operators. The next set of conditions will be cast in a gauge-fixed form. 



N = 2 Formalism 



In this formalism we need to demand the fields to be = 2 superconformal 
primary fields with zero conformal weight and zero [/(l)-charge, which mean that 
they have to satisfy the following conditions: 

1. V must have zero conformal weight; the residue of double pole (and higher) in 
the OPE of L and V must be zero. 

2. V must satisfy the G + constraint; the residue of double pole (and higher) in 
the OPE of G + and V must be zero. 

3. V must satisfy the G~ constraint; the residue of double pole and (higher)in the 
OPE of G~ and V must be zero. 

4. V must have zero ghost charge; the residue of simple poles (and higher) in the 
OPE of J g h and V must be zero. 

The issues about GSO projection and the choice of p charge are the same as in 
the = 4 formalism. 

In order to understand the above conditions, we must remark that the physical 
vertices, as usual, should be the operators in the cohomology of the N = 2 BRST 
charge which is constructed using the superconformal generators (L, G + , G~, J) 
plus four systems of ghosts, for reparametrization, two dimensional N = 2 SUSY and 
U(l) charge. However, in analogy to what happens in the RNS formalism, one may 
show that N = 2 superconformal primary fields with zero weight and zero charge 
are in the cohomology of Qn=2- This is done by considering a particular explicit 
dependence of the ghosts for the operators, which, just like in the RNS formalism, 
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amounts to choosing a kind of Feynmann-Siegel gauge and imposing the vertices to 
be annihilated by the ghosts b and b, for reparametrization and U(l) charge ||. 

The next step to show the equivalence between the N = 2 and the RNS descrip- 
tion is to show that the two cohomologies agree. This was done in reference by 
showing, via a similarity transform, that the N = 2 BRST charge may be written as 
a sum of the N = 1 BRST charge, a topological BRST charge and the U(l) charge, 
all nilpotent and anticommuting with each other. The conditions that the two last 
BRST charges impose are just constraints in the ghost- dependence done in such a 
way that we can construct the vertices without the need of the N = 2 ghosts, using 
only the N — 1 matter and the N — 1 ghosts. 

2.5 Vertex Operators 

In this subsection we present the vertex operators for the two first mass levels, both 
in the RNS and in the hybrid variables. The RNS vertices are easily found in the 
literature ||, and we may translate them to the hybrid formalism using the mapping 
discussed in the beginning of this section. 

The first thing we are going to do is to show the results in a table, in order 
to assure the important results to be all collected in a single place. After this, we 
explain the notation and make a few comments. 
Table 1: Vertex Operators corresponding to the tachyon and the massless fields 



Vertex 


RNS 


Hybrid 


W 


s 


GSO 


$ 


cdc£d£e-^i: a e H/2 x+ 


o a (e) 2 xi 





Ff 


+ 


oie-^^e- H l 2 xt 


nefxt 





Ff 


+ 


cie-^ m A m 







Bb 


+ 




At 


1 

2 


Fb 




z^c^e-^E a e- H/2 x~ 







Bf 




z*cdc£d&-*+YFe H f 2 xl 







Bf 




3 




ePT+W a (9) 2 X+ jct 





Ff 


+ 




e p T^(e) 2 A^ 





Bb 


+ 


z^c^e-^E^X- j& 







Bf 




1 

3 


cdc£d£e-^E & E-i\-t j& 







Ff 


+ 




e-PT-^OfA.j 





Bb 


+ 


z2-cdc£d£e-^i: a E-j\Z ja 


e -PT-W a AXZ ja 





Bf 





The first column denotes the different string fields, labeled by their C-charges 
as defined in eq.( |2.4D . The second and third columns show the expression for the 
different fields in RNS and in Hybrid variables, respectively. In order to understand 
how the fields are split one should have in mind the definitions for the world-sheet 
fields [given in section (2.1) and (2.2)] and note that the spectrum of the superstring 
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(with both GSO sectors) in the two lowest mass-levels contains a tachyon, a gauge 
field and two massless fermions of opposite chiralities. Since we want to consider fields 
whose 4-dimensional transformations are explicit, this means that we are considering 
a subgroup of the full 10-dimensional Lorentz group: 



SO(9,l) -> SO(3, 1) x SO(6), 

SO(9, 1) -> SO(3, 1) x SU(3) x U(l). (2.8) 

The last line comes from the fact that we need to consider spinors. The repre- 
sentations of the D = 10 Lorentz algebra decompose as: 

10 -> 4 © 3 © 3 
A^ A m A^i A + i 

16 - (2,1+a) © (2,3_x) © (2',1_ 3 ) © (2', 3 +1 ) 

Y + Y + A + - Y + A + .. 

Aa Act ' — ia A a +ia 

16' -> (2', l+ 3 ) © (2',3_i) © (2,1_ 3 ) © (2,3 +1 ) 

Xa Xd ^— jd Xa / ^+ia' 

In the above equations, primed quantities indicate anti-weyl representations of 
the appropriate Lorentz group and unprimed represent the weyl representations. The 
number in parenthesis mean the dimension of the representations and the subscript 
is the U(l) charge. Below the representation we indicate the fields which transform 
under them. With this splitting, one can understand the origin of all the spacetime 
fields appearing in the table 1. 

Also on the table 1, the W column shows the conformal weight of the fields. The 
S column represents both the statistics of the spacetime fields, b stands for spacetime 
boson and / for spacetime fermionic; the capital letter denote the statistics in the 
world-sheetfield that means: B stands for world sheet bosonic field and F stands 
for world sheet fermionic field. Finally, the last column represents the GSO sector 
originating the fields. 

In the next section we are going to consider the construction of GSO(-) vertices 
directly in the hybrid formalism, checking the physical conditions described earlier. 
In the second part of the paper we are going to use these vertices to compute the 
superstring field theory action, collecting the GSO(+) part in superfields. 

3. Physical GSO(-) Vertex Operators in Hybrid Formalism 

In the GSO(-) sector the space time supersymmetry is broken, however we can still 
use the set of hybrid variables to explicitly construct vertex operators. In particular 
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we have built the physical vertices for the tachyon and the massless fermion by using 
only the hybrid variables, showing the appropriate physical conditions to be satisfied. 
Most of the calculations are exhibited explicitly, since they are useful throughout this 
work. 

3.1 $ Vertex Operator 

In this subsection we discuss the construction of C-neutral vertices that are inde- 
pendent of the detailed structure of the compact manifold. As seen in the previous 
section, we should have a tachyon T and the massless fermions in this sector. 

3.1.1 Tachyon Vertex 

There is a unique spin operator with the lowest conformal weight (W = — |) A ++++ . 
This is the candidate to represent the part of zero momentum of the tachyon; however, 
it must be verified that all physical conditions for this vertex are indeed satisfied. 
Let us consider the candidate for the tachyon vertex 

A ++++ T(X) (3.1) 

We can show that this vertex is fermionic and it is exactly the zero momentum 
part of the RNS tachyon vertex in the large Hilbert space c£e _(7 \ This vertex corre- 
sponds to the lowest level NS sector that is projected out by the GSO projection of 
superstring. 

Given the vertex above for the Tachyon, it is trivial to verify that the zero 
ghost charge and zero C-charge conditions are satisfied. We still need to check the 
conditions for the OPEs with T and G. 

For simplicity we consider the tachyon vertex with definite momentum T(k, z) = 
\++++ e tkX (where kX stands for k m X m + k +l X~ l + k~ l X +l ) and we are going to 
check the physical conditions for this vertex. 

N = 2 Conditions 

Using the stress tensor we get 

L(z)T(k, 0) = ( ~^t T W ; 0) + -dT(k, 0) + • • • , 

z A z 

1.2 _ u urn , U+iU-i 
rv — rv m rv rv rv , 

requiring that the double pole vanishes we get the on-shell condition for the momen- 
tum k of the tachyon k 2 — 1. 

Now we need to verify the G constraints, ensuring the vanishing of double poles 
and higher. 
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We find that the OPE G + (z)T(k, w) is 

(ef(d) 2 + T-WX^)(z)A ++++ e tkX (w) = * {[-2A~ ++ + k m (pa m 6A ++++ ) 



+\(k m k m -i)A ++(B(B y 

+k + ^A ++++ ]e lkX } + 



The OPE G~(z)T(k,w) is 



{e~P{d) 2 + T + WX^){z)A ++++ e tkX {w) = ^y{[-2A++— + k m (pa m 6A ++++ ) 

+ \{k m k m + l)k®®—]e-P 
+k +j r~i A++++} e ikX + • ■ ■ 

where the notation (pcr6A) describes only the indices structure in the spin field, 
no contractions implied. We see immediately that there are no double poles in 
these OPEs, which implies that the vertex satisfies the physical conditions and no 
polarization conditions are imposed in the momentum k. We have shown that the 
tachyon vertex T(k, z) is physical. 

Now we proceed by showing that the N = A physical conditions are also satisfied. 
The only non-trivial part to be shown is that the equation of motion is indeed 
satisfied. 

Equation of Motion 

The gauge invariant Equation of motion is [G + ]o[G + ]QT(k, z) = we first use 
our result for the OPE in G + (z)T(k,w) (the notation [C] n V means the residue of 
the pole of (n + d) order in the OPE between O and V, where d is the conformal 
weight of the operator (O)). 

Using the results above, we need to compute the following OPEs (for the first 
piece of the operator G + the relevant terms are the cubic poles, for the second piece 
the relevant terms are the double poles, this is due to the different p dependence in 
each term): 

(d) 2 (z)A-' ++ e ikX (z) = 1 J k m k m )A ++++ e lkX (w) + ... 

[z — w)° 



(d) 2 (z)( P 6A ++++ )e lkX (w) = k m A ++++ e lkX (w) + ... 

[z — w) 4 

(d) 2 (z)A ++(B(B e lkX (w) = (-2) , 1 \ ++++ e lkX (w) + . . . , 

(z — w) 6 

dX~ k (z)k +j e ikX = - — l —,k +] k- j + ... 
[z — w) z 

with this OPEs we readily see that 

[G + ] [G + ] T(k, z) = (k 2 - l)T(k, z) = (3.2) 
which is the correct equation of motion for the tachyon in momentum representation. 
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3.1.2 Massless Fermion Vertices 

On the next level of the spectrum of states, we have two pairs of spin field vertices 
with zero conformal weight (W = 0). It can be shown that each pair of vertex 
is bosonic. These vertex are candidates to be the zero momentum contribution 
associated with the massless space-time fermions. 

The OPEs between the hybrid variables and hybrid spin fields have a square 
root branch cut, from this OPE we may find the excited spin fields we are looking 
for. We may consider both p and 9 (with their conjugate fields) to construct the spin 
fields, which indeed have the correct conformal weight: 



e Q = 


: Q A+ ++H 


ttj-i-_i_ . 
- := A+® , 




= 


: d A+ ++H 


++ e + 
- := A +® 




n Q = 


: p Q A +++H 




(3.3) 




: p d A +++H 







Using these fields we may construct a fermion vertex for the massless (4-dimensional) 
sector: 

$ = (®*Xi + n«X2 + © d Xid + n*X2*)e ikX (3.4) 

where we have decided to work in momentum representation and the x-fields repre- 
sent the polarizations of the fermions. We assume that the momentum k has only 
components in the four dimensional space time in order to avoid the mixing with the 
other fields. (Remember that we have a fermion in 10-dimensions and its equation of 
motion should be a Dirac equation in 10-dimensions, due to the Lorentz symmetry 
breaking pattern we are using, the different fermion vertices in the hybrid formalism 
will mix with each other, unless we assume this simplifying condition.) 

We are now going to check whether this vertex satisfies the physical condition 
or not: 

N=2 constraints 

The vanishing of the double poles (and higher) in the OPE of the stress tensor 
with the vertex operator is quite trivial since only the first term in eq.( p.2| ) contributes 
to the double pole, yielding the mass-shell condition k 2 = if this vertex is to have 
zero conformal weight. 

The G constraints are a bit more subtle and should give us polarization condi- 
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tions. Let us explicitly show the relevant OPEs and discuss it: 



G + (z)(U X2 )(Q) 



z 

Y 2 

1? 



G+(z)(Q Xl )(0) ~ ^ 



fc 2 A + -*\ 2 + k mX2 a m A 




he _|_ . 


n X i + k mXl a m Q] + - 

L J z 


© ~l" mm 


k 2 e X 2 + k mX2 a m Il\ + - 

1 J z 


- + 
A"+- 


k mX id- m A + + A + ® 


Xi 


+ ••• 



Xi 



+ ■ 



+ 



(3.5) 



where we omitted the momentum dependence and contraction in fermionic indices. 
The G~ constraints have the same form and can be read from this expression, chang- 
ing the p dependence to e~ p and moving the bars to appropriate places (for instance 
G~TI X2 = G+T1 X2 ). 

Vanishing of the double poles in this OPEs imply the following conditions for 
the polarizations: 

Xi = k m a m X2} 
Xi = k m a m X2 . 

A physical vertex is a superconformal primary state defined modulo spurious states 
(with zero norm), created by the negative frequency part of the superconformal 
generators. So, we need to identify physical states modulo gauge transformations 
5$ = G + (nC + &k m a m C) + G-{U( + Qk m a m (), since the transformation should be 
of the form 5$ = GA, with A physical. This identification yields the following gauge 
transformations for the vertices: 

5X1 = k 2 C 
5X2 = k m a m ( } 

and analogous transformations for the other polarizations. So we realize that not 
all the spacetime fields in eq. (|3.4j) are independent. This is the same situation we 
encounter in the GSO(+) sector when considering an Af = 1, D — 4 vector superfield 
as vertex operator for the massless sector 0] . This way we see that we have only two 
spacetime massless spinor fields in this sector, with opposite chiralities. 
Now we should check the N = 4 conditions for this vertex: 

N = 4 Formalism 

The N = 2 formalism gives us a gauge fixed vertex operator, while in the N = 4 
formalism we have an equation of motion for the vertex operator, as well as a gauge 
invariance. 
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The equation of motion is obtained by G + G + [$] = 0, where we are going to use 
the same vertex eq. (|3.4j ) as before and G applied to the vertex means the contour 
integral, as usual. Since we have already calculated the OPEs eq.(p.5|), we may use 
this result taking care of the pole structure coming also from the p-dependence. We 
may see that: 

G + G + (Q X i) = k mX icr m Tl + k 2 Qxi, 
G + G + (Qxi) = k m xia m U + k 2 Qxi, 
G + G + (Ux 2 ) = k 2 k mX 2cr m Q + k 2 U X 2, 

G + G + (ti X2 ) = k 2 k mX 2V m ® + k 2 U X 2. (3.6) 
and the equation of motion imply: 

kmXlVm + k 2 X2 = 0, 
kmXl^m + k 2 X2 = 0, 
k 2 (k m X2&rn + Xl) = 0, 

k 2 {k m X2e m + Xi) = 0. 
The gauge invariances, as described in the section on physical conditions, are: 
G + [e-"(eAi + flA 2 )] = nAi + fc m A 1( x m e + A; 2 6A 2 + k m X 2 a m U, 

G + [e 2p r +i r +j 'r +fc (nA 2 + eA x )] = Ti^ + k^^e + k 2 Q\ 2 + k m \ 2 a m Ti. 

from this conditions we may read the gauge transformations for the spacetime fields: 

Sxi = kmX^" 1 + k 2 X 2 , 
Sxi = k m \ x o m + k 2 X 2 , 
$X2 = Ai + k m X 2 a m , 
5X2 = Ai + k m X 2 o m . 

All this is in complete analogy with the GSO(+) sector, again we have only two 
massless spinor spacetime fields with opposite chiralities, the usual equation of mo- 
tion is verified. What amounts to choose the Wess-Zumino Gauge in the GSO(+) 
sector is to choose the spin fields and to be in the vertex operator, this is what 
we have done in table 1. 

The equivalence between the two formalisms described above is simple, the N = 2 
formalism gives us a gauge-fixed vertex operator, whose gauge fixing conditions are 
exactly the G constraints. 

3.2 iff~ and 1 I r Vertex Operators 

In this subsection we construct the vertices that dependent of the structure of the 
compact manifold. We represent these vertices as and with C-charge 1/3 and 
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— 1/3 respectively. Since these two vertices are conjugate to each other we should 
treat them together. 

The candidates for a vertex of this kind are: 

<&(k, z) = e p T +l (6xi + n X2 + Qfji + Ufj 2 ) e lkX , 

*(k, z) = e -T-* (e?7i + u V2 + exi + nx 2 ) e ikX . 

The necessary OPEs were already calculated in eq. ( |3.5|) , but the relevant poles 
are different due to the contribution of p and T. (Note also that we are still consid- 
ering the momentum running only in 4 dimensions). Let us proceed by checking the 
physical conditions: 

N = 2 Formalism 

Vanishing of the double pole in the OPE of the stress tensor L and the vertex 
operator is just like before. Only the first term and L contributes and the physical 
condition is the mass-shell condition k 2 = 0. 

In order to check the G + constraint in the \1/ vertex one should note that the order 
of the poles change, but the terms are maintained in the equation eq. ( |3.5| ). Besides 
the p and Y dependence, the poles of this equation acquire one more negative power. 
For the G~ constrain we have something analogous, but the poles acquire one more 
positive power, since the higher order poles were second order, and we should ensure 
the vanishing of all second and higher order poles, we see that G~ puts no constraint 
in ty, since there are no double poles (or higher) in this OPE. However, the G + has 
additional constraints: 

m = o, 

Xi = -k m fj 2 v m , 
Vi = k m X2^ m , 

and we see that there is actually only one massless spacetime spinor in the vertex 
operator and since k 2 = 0, r\ satisfies k m f\\O m = 0. 

Same reasoning is valid to the ^ vertex operator, and only combinations of O 
and n survive. 

N = 4 Formalism 

All the necessary computations have already been done in the $ vertex discussed 
above. In order to avoid repetition, we just state that we have only two physical 
massless spinor spacetime fields in these two vertices and we can choose (gauge- 
fixing) \I/ to have only the 6 combination and ^ to have only the O combination, as 
a result of the 8 equations of motion and the 8 gauge invariances. 

With the vertex operators discussed above we are going to proceed to the study 
of the superstring field theory and compute the contribution of these vertices to it. 



- 17- 



4. Hybrid Superstring Field Theory for non-BPS D-Branes 



The action we are going to use is Berkovits superstring field theory action || , which 
is the only string field action that allows one to include the Ramond sector in a gauge 
invariant way without divergence problems at tree level. 
The action constructed in || is 

S = ((e~*G_ ie *)(e- $ Goe $ ) + ( e -*Gge*)(e-*G_ i e*)) D 

+ ( J dt{e-*dte*) ({e^GUe*, e -*G e*} + { e -*G_ge* e"*G_ ie*}) ) D 
-(e^Qe^Q + ^G_2e~^ + Ue^G_ i e+*) D 

X 3 3 ' 

-(~og_iQ + ln 3 ) P + (ifiGLafi + ln 3 ) F (4.i) 

Z 3 o ^ 3 o 



where the operators G appearing in this action are defined in eq.(2.2), but now with 
the + superscript dropped in order to avoid confusion with GSO notation, subscript 
denotes C-charge. We should also note that there are three different correlators. 
The D-correlator is defined in the large Hilbert Space of the superstring. The F and 
F correlators are chiral (anti-chiral) subspaces defined with the trivial cohomology 
pieces of the G operator, G_i and Go- 

The string fields appearing in the action are defined in such a way that $ has 
zero C-charge, Q = G_i\l/, is a chiral field obtained from the string field ^ with 
C-charge 1/3 and Cl = Gq^ is an anti-chiral string field obtained from a string field 
^ with C-charge —1/3. We are using the notation $ = t$, < t — 1. 

Also, one should remember that the products between any two string fields are 
the Witten's midpoint interaction. The prescription we are going to use is: 

(VM-..Vs)=(-£\ k e^^(uf =l V 3 (e^^ 

where Vj here are conformal primary fields with conformal weight hi. 

The correlator of the conformal field theory fields in the right-hand side is cal- 
culated in the disk, since this prescription means that we take the N open string 
world-sheets, represented by iV upper half-disks and map them to the unit disk (de- 
fined in global coordinates) via global conformal transformations, taking care to glue 
the right sides of each string. A detailed discussion of this Witten interaction may 
be found in ||. 

In order to introduce GSO(-) sector, we are going to consider the following 
tensor products: 

$ = $+ <g) J + $~ <g) cr h 

4/ = ^+ <g> / + \&" <g> <ti, = ^+ <g) 1 + V~ ® oi, 

f2 = Vl + 03 + <g) ia 2 , £1 = fi + 03 + <g) «02, 
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G = Go® a 3 , G_i = G_i <g> a 3 , 
G_i = G_i ® cr 3 , G_2 = G_2 <g> <t 3 

3 3 3 3 

where Oi are Pauli matrices. All this only means that we split string fields in two 
pieces according to the GSO sector they have come out and tensor it by appropriate 
internal Chan-Paton factors, since the commutative properties of the two sectors are 
different (GSO(— ) sector being Grassmann odd), this is to ensure the ciclicity of the 
correlators as in any usual CFT. Also the BRST-like operators need to be tensorized 
in such a way that, at the end we get all the properties of a derivation as they act 
in the string fields, in particular Leibniz rule should be verified. It is important 
to remark only that the (anti)chiral fields appearing in the action are split in the 
same way, but as they have a differential operator acting on it (Go or G_i) we have 
the tensor product of 03 carried by the G-operator and the matrices in the string 
fields, either ^ or ^ . The correlators should include the trace over these internal 
Chan-Paton matrices. 



4.1 Vertex Operators in SSFT 

The vertex operator for the Tachyon and the massless sector are: 

$ + = v(x,0,0), $~ = A ++++ T(x) + Q a X -(x) + Q«xM, 

= e p T + W 2 uj +j {x, 6), = ePr + iQ A \- j6t {x), 

= e-T-'e^u-jix, 9), f - = e-(>T-ih. a \-_ ja (x). 

These fields are in Table 1. Here we have collected only the GSO(+) string fields in 
D = 4, iV = 1 superfields, whose component expansion are: 

v(x, 6, 6) = 6a m 6A m (x) + 666x + (x) + m x + (x) + 6666D(x), 
Lu_i(x, 6) = A_i(x) + 9\ti(x) + 99F_i(x), 
oo +i (x, 6) = A +l (x) + eXX-ix) + BOF+ilx). 

The GSO(-) sector is directly taken from the Table 1 and written in the appropriate 
string fields, according to their C-charge. 

We also need to calculate the (anti)chiral superstring fields that appear in the 
action. The idea is to pick the simple pole in the OPE of the integrand of the 
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appropriate G with the string fields. 



Q+ = GU^+ = jdw (J^d"d A e- 2p e jkl T- 3 T- k T~ l (w^j (e p T +j uj- j (x,9)9 2 ( z)) 



dw— , 2 ,A w - z) 2 e- p Qt jkl T- ] T- k -u- 1 
12 w - z 2 v ; z 



= e- p r- j r- k u- l e jkl . (4.2) 
0+ = G # + = jdz (^d a d a e p (w^J ( e - p T-'u +J (x,9)9 2 (z)) 



1 2 

dw-- rrr^r J u; +J 

2 (w - z 2 



= r- j u +j . (4.3) 
JT = G_i¥- = y rfw ^d a 4e~ 2p e J ' w r- i r- fc r- , (u;)J (eT^eA-^z)) 



: / \ z 2 

= e - p e jkl T- J T- k (tl\- 1 + l -d m \- j a m Q \ . (4.4) 

Q- = G y- = V~ j fllA"* + l -d m \ +] a m Q^ . (4.5) 

5. Tachyon and Massless Sector SSFT Action 

We are now almost ready to calculate the superstring field theory action for the 
tachyon and massless sector, the only piece of information still lacking is the definition 
of the non- vanishing norms, i.e., a choice for the normalization of the correlators: 

{^9 2 9 2 e~ p e ijk T- i T- j T- k ) D = 1, (5.1) 
(G C^9 2 9 2 e- p e ijk T- i T- j T- kS j)p = (JL^ e ^ r -i r -i r -fc^ = ^ ^ 

(G-i (^9 2 9 2 e- p e ijk T- i T- j T- k ^) F = (^e^ p 9 2 {Y ■ dYf) = 1. (5.3) 

The first norm is exactly the non-vanishing norm in the large Hilbert Space of the 
Superstring, in RNS variables this is £e~ 2<?i c<9c<9 2 c, giving us the correct background 
charge for all the ghost fields. Its value is related with the superconformal killing 
vectors of the disk as discussed in ||. The non- vanishing norms in the (anti)chiral 
subspaces are obtained from the norm of the large Hilbert space by the applica- 
tion of the suitable differential operator (with trivial cohomology) which defines the 
(anti)chiral subspace. 
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The Superstring Field Theory Action is non-polynomial, in order to deal with it 
we are going to expand the exponentials and keep terms up to four string fields. For 
the vertices we are considering, all other terms vanish since it is impossible to write 
higher order terms with the string fields at first and second mass levels that cancel 
the background charge yielding non-vanishing correlators. 

For the first part of the action we have: 



Swz = ((e"*G_ ie *) (e-*Goe*)> - ( C ^( e - | 9 T e l ){ e - | G_ 1 e l> , e~ l G e l }) D 



2 E 



:-i) 



N 



M,N=0 



(M + iV + 2)! V N 



M + N 



GLi$) $ M (g $) & n )d 



= 2 



^<(6_i$) (6 $))d - i($ {G_i$} {g $})d 



-—( $,GU$ $,G $ \}d + 



<(g_i$) (g $))d - {6-!$} {g $}) d - ^ 



(5.4) 



Splitting in GSO(+) and GSO(-) fields and taking care of the Pauli matrices 
multiplying the different string fields and operators, the relevant terms we need to 
compute are the following: 



(G-A,G ^) D = (G^ + G ^ + )d-(G^-G ^-) d , 



(5.5) 



GSO(+) 



GSO(+) 

-<^$- [G_ 1 $ + ,G $-])d + 
+ (V [G_ 1 $-,G $ + ])d, 



(5.6) 
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(- 



12 



> D 



12 



GSO(+) 



l 12 
,J_ 

12 
1 



+<1 {<£>-, GU<f> + } [$ + ,G $-]) fl . (5.7) 

Note that only even number of GSO(-) string fields make no vanishing contribution. 

Now we need to compute these correlators. Most of the calculations are tedious 
but straightforward. We consider all the spin fields bosonized, which allow us to 
implement a routine to calculate the correlators in programs of symbolic computation 
to get the correct factors. Since bosonization breaks Lorentz invariance, extra care 
need to be taken in order to write the results in Lorentz invariant manner. 

(-G^-Go^-)d = TUT + V + 2i { X -v m d m x- + X~o m d mX ~) , 

(5.8) 

(-h Go$})d = 4 3 3 / 4 T (xV + x + T) 

+2 { X + a m [A m , x] + Xo m [A m , X + ] ) , (5.9) 



(-- {$-,G <1»-})d = -T\ 

(-^{*- G_i*-}[* + ,G o * + ])i> = 0, 
(~ [<t> + ,GU<t>1 [$ + ,Go$-])d = ^ [T, A m ] [T, A m ] , 



(5.10) 
(5.11) 
(5.12) 
(5.13) 



(^{^ + ,G^-}{^-,G ^ + })d 
(-^{^-,G^ + } {^-,G ^ + }) D 



0, 
1 
2 

0. 



[T,A m ][T,^ 



(5.14) 
(5.15) 
(5.16) 
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For the second Wess-Zumino part of the action things are easier, since most of the 
terms vanish. Only the following term contributes 

S$ z = -(G_ 2/3 $-G'_ 1/ 3$->d = ^Td +l T. (5.17) 

There is still some terms in the D correlator: 

S D = -(e-*tie% D + {tie*G- 2/3 e-*) D + (6 e -*G_ 1/3 e*) D . (5.18) 

Splitting these terms in GSO(+) and GSO(-) fields as before 

(- e -*6e*Q) D = (Q+Q + ) D +(Q-Q-) D 

GSO(+) 

+{[$-, n + ]n-) D 

-\({^-{^^ + }}^ + )d, (5.19) 

(n e <l GL 2/ 3e- |, > D = -{&+{$-, G_ 2/3 $-}) D , (5.20) 

(Cle-*G_ 1/3 e*) D = (fi + {$-,G_ 1/3 $-})D. (5.21) 

The correlators are calculated in the same way as before, giving us the mixing of the 
4-dimensional and the internal 6-dimensional fields. 





= -i (Xz^d^Z, + A:^ m «9 m A; t ) , 


(5.22) 


(-[$ + ,ir] n-) D 


= -2 [A m , A;,] a m \~ +l , 


(5.23) 


(-[$- jr] n + ) D 


= AX- iX ~A +i - 2 3 3 ' 4 TA+ AI„ 


(5.24) 


n-) D 


= 1A jA .1 , - 2 3 :i 'VA ,A; ; . 


(5.25) 


<-i{<ir{<ir,n+}}n+) J , 


= 2 T 2 A +l A_,, 


(5.26) 


(-n + {$-,G_ 2/3 $-})D 


= AV3A +i Td +i T, 


(5.27) 


(ft + {$-,GL 1/3 $-}>D 


= A\flA~ i Td_,{r. 


(5.28) 



and finally the two Chern-Simons terms contribute with: 

s cs = -(^G_ 1/3 n> f - 

S v ' 

GSO(+) 



--t ijk \ +i d-j\ +k - -e ijk A +i \ +j X +k . (5.29) 
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Scs = (^iG- 2/3 ti) F + (^hnn) F 



+ 2 t ijkX- i d+j\_ k 



-£ijkA-i\_j\_ 



k- 



The action we got after all this computation is simply: 



(5.30) 



S 



s 



(1) 



wz 



(2) 



+ &wz + Sd + Scs + Scs 
eq.Q eq. (|5TT7D eq. (|5TT5|) eq.(|5~30D eq.(p^9|). 

Now we may rewrite the 4-dimensional action obtained from all these terms using 
10-dimensional fields. In order to do this we should take into account the pattern of 
Lorentz symmetry breaking eq^^) and read, from the expressions calculated above, 
how they fit in explicit 10-dimensional Lorentz invariance. 

The action is 2 



S = Tr / d 10 x 



-F^F^ + TUT + ^T 2 + [T, A"} [T, A^\ - T 4 

+X a ^ {d,X b + + [A„ X b+ ])+ X a "7& {d,X b ' + [A„ X b 1) 
+3lT( X a+ Xa) + -- 



(5.31) 



6. Summary and Discussion 

On the first part of this paper we have developed the general framework for the 
computation of vertices with negative GSO projection in the context of the hybrid 
formalism. To do that we have identified this sector with the antiperiodic sector 
of the hybrid variables. In general, all GSO(-) vertex operator requires a hybrid 
spin field. This hybrid spin field turns out to be the part of zero momentum of the 
tachyon A ++++ . 

Using this framework we have explicitly identified some vertex operators for the 
GSO(-) sector of the superstring. In particular, we have computed the vertices for 
tachyon and massless fermions in both sectors (Ramond sector). We did the calcu- 
lation in the hybrid formalism, where the fields are split in an explicit 4-dimensional 
part and an internal 6-dimensional part. Again reminding that internal for our 
present purposed, only mean that these are fields depending on the 6 complexified 
coordinates. 

These vertices are useful to understand supersymmetric related issues in super- 
string field theory, specially in what regards to SUSY breaking in tachyon condensa- 
tion processes. 

2 See footnote in the introduction 



- 24 - 



On the second part of this paper, after computing the action for the string field 
theory including up to massless terms in both GSO sectors (which amount to be a 
type IIA on a non-BPS D-brane) we arrive in a full Lorentz covariant action in 10-D, 
including the Ramond sector. We note that our action now include the massless 
fermions of the action, which was not found in the previous literature. 

Yoneya |2j argue that the full string field theory action including both GSO 
projections should have a non-linear supersymmetry since when the system undergoes 
Tachyon condensation we recover a closed string vacuum. This non-linear SUSY 
should transform fields of all masses - infinite scalars acquire vacuum expectation 
values in the closed string vacuum, but the existence of the tri-linear term in our 
action shows that we may, at least naively, consider the arguments in [[| for non- 
linear SUSY realizations, by considering the GSO(-) fermions as goldstinos with a 
non-linear term in its SUSY transformation that can be calculated order by order. 
Of course this approach is hopeless in the current presentation of the problem since 
the full action involves an infinite number of terms, however, this questions are still 
under work. 

One may try to consider some other possibilities, including the vacuum super- 
string field theory in the presence of fermions or Boundary String Field Theory. After 
the present first step, these issues are under investigation. Any other approach used 
may rely on this calculation by considering the suitable field redefinitions. 
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A. RNS variables 

N = 1, c = 15 superconformal generators T m = — ^dx^dx^ — ^ip^dip^, G m = 
ixjj^dXfj,. 

BRST operator 

c(T m - bdc - d 2 <f) - i(<90) 2 - rjd£) + r/e*G m - rjdrje^b . 

Picture Raising: Z = e^G m + bdrje 2<1, + d{br]e 2rt> ) + cd£. 
Picture Lowering: Y = c<9£e _2<? \ 
C-Charge: C = P + |J dz(ip*ip 5 + W + 
Picture Number: P = J dz(^r] — d(p). 
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Ghost Charge: J g h = f dz(r){; + cb). 

Table 2: Properties of the Extended RNS Variables 
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c 
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e q<t> 


x m 










x +j 


x J 
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-1 
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-1 


Q 























Jgh 


-1 


1 


-1 


1 


























U(l) 
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-1 
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2 


-1 
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+ 2) 





1 

2 


1 

2 


1 

2 










Statistic 


F 


F 


F 


F 




B 


F 


F 


F 




B 


B 



Non-vanishing inner product 



(^cdcd 2 c) = 1. 

Hermiticity Relation Jbrst = ^ 

Jbrst = e~ h \-b^e^)e K , 

K = J [c^e'^dx^ + ^d<pcdctdte- 24 '}. 

Bosonization of ip m 

4>f = e ±T2 ^ -^O 1 ±# 2 )- 
V2 

Bosonization of ?/> ±J 

^ = e ±r ^ 2 = -^(^' +2 ± # 2j+3 ); j = 1, 2, 3. 
v2 

Four dimensional RNS spin fields S a and S a 

S° = S ±± = e ± ^ T1± ^ r2 , (even +), 

= S ±± = e ± ^ 1± ^ 2 , (odd +). (A.l) 

Four-dimensional spinor index 



a 


a 


1 = ++ 
2= 


1 = +- 

2 = -+ 



Internal RNS Spin Fields: H a and S a 



S a _ s ±±± _ e ±I T 3±I T4 ±Ir 5? ( orfrf + )_ ( A 2 ) 
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Internal spinor indices a (chiral), a (anti-chiral) 



"a, 




a 




e H/2 




e -H/2 




f+ + 




-+-+ 






i 

-+- 




-;++- 






+ 



B. Hybrid variables 



C-Charge: C = \j dzT+'Y-i . 

Ghost Charge J gh = J dz(dp + r^T^'). 

Table 3: Properties of the Hybrid Variables 
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c 
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p 





1 

2 
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P 
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1 
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1 











Statistic 
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F 
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F 


F 




F 


F 


B 


B 



Non-vanishing inner product 



(—(9) 2 (9) 2 e- p e jkl r- j r- k r- 1 ) = 1. 

24 

Normal ordering 

d a d a (z) = p a p a (z) +p a a™J«idX m (z) + \d(9) 2 ha m « a 9 a idX m {z) 

+±-(9) 2 d(9) 2 d(9) 2 (z) - l -{9) 2 : p a d9 a (z) : +±d(9) 2 : p a 9 a {z) : 
+ - A (9f : dX m dX rn (z) : -ic^c^) + l -d 2 9j«{z). (B.l) 
The Hermiticity property of the hybrid variables 



(X m )t 


= x m , 


el 


= #d, 


pi 


= -Pd, 


(r-i)t 


= \e jkl r- k r- l e - p , 


(r+j)t 


— i e jkiY+ k Y +l e p 


(e")t 


= y- 2p e jkl T- j T- k T- 1 


(x-^')t 


= x-\ 


(X+')t 


= X + K 



(B.2) 
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